Abstract
provides direct optical access to the interior of the vessel for viewing or for 48 laser injection, and it simplifies the construction of a lead shield.
49
Our primary motivation for pursuing the remote cooling method discussed 50 here is to allow the space above the liquid xenon vessel to be used for ion 51 tagging and retrieval experiments in the context of the EXO double beta 52 decay search. EXO has proposed to eliminate radioactive backgrounds by 53 identifying the barium ion produced in the double beta decay of 136 Xe [11] .
54
The identification method may require that a device be inserted into the 55 active volume of the double beta decay detector to retrieve the final state 56 nucleus. The condenser and liquid xenon vessel described in this article will 57 allow both a barium ion calibration source and an insertion and retrieval 58 device to be coupled to the xenon vessel from above.
59
In the last decade pulse tube cryocoolers have attracted attention as con- denser based on a pulse tube cryocooler where the condenser is located di-cool the room temperature xenon gas to the saturation temperature, while A schematic of the condenser system. Room temperature gas flows in the supply to the condenser. Liquid drips into the vessel, and cool gas returns through the gas return line. The gas can also return through the liquid return line when no liquid is present.
shank and the cold head further reduces the cooling power of the pre-cooler,
115
which was found to be excessive for our purposes. The post-cooler trim 
122
In typical operation, the pre-cooler set point temperature is chosen to be 123 179.5 K, and the post-cooler temperature is chosen to be a few degrees cooler.
124
In practice, however, the post-cooler temperature tends to stabilize around 2 Nevertheless, the post-cooler was found to be crucial for maintaining a uniform temperature throughout the condenser; see Section 6. is likely that this resistance limits the power and efficiency of the condenser, 129 so we intend to modify this arrangement in the near future. Currently, the 130 condensation that does occur is sufficient for our purposes.
131
The trim heaters on the pre-cooler allow the condenser to adjust for the 132 effects of changes in the gas flow rate. At high flow rates, significant heat 133 is delivered to the condenser by incoming room temperature xenon gas, so 134 the pre-cooler trim heater reduces its power output to maintain the set point 135 temperature. In some cases, the incoming heat was found to be sufficient to 136 warm the condenser to one or two degrees above the PID set point. At zero 137 flow or low flow rates, the heat delivered to the condenser by the gas is small, 138 and the pre-cooler trim heater provides compensation to keep the condenser 139 temperature above the freezing point of xenon. Consequently, one benefit of 140 the pre-cooler PID feedback loop is that it prevents over-cooling in the event
141
that a large gas flow suddenly stops.
142
We present some measurements of the cooling power of the second stage of 
Xenon Vessel

153
The xenon vessel, seen in Figure 4 , is a 6" x 6" OD cylinder constructed 154 from stainless steel, which was chosen for its purity and thermal mass. This The vessel is suspended from a vertical 3" OD stainless steel tube, 6" in viewport is welded into the bottom of the vessel; it is paired with an identical 166 viewport in the cryostat to admit laser light for use in LXe purity tests.
167
The vessel has three plumbing connections for xenon flow: a 1/4" SS alarms can be generated with a push button to confirm that the system is 220 active. 
The Effects of Gas Flow
222
During normal operation, the recirculation pump is used to force gas 223 into the condenser, where some fraction of it condenses and travels with 224 the remaining gas flow down into the vessel. The liquid either cools the 225 vessel through evaporation or collects in the vessel, depending on the vessel 226 temperature. The gas usually exits the system through the gas return line, 227 although it can return through the liquid return line as well if no liquid is 228 present. Cryo-pumping can also be used as a source of gas flow, but this is 229 less convenient due to the consumption of liquid nitrogen.
230
We find that forced gas flow significantly increases the cooling power 231 delivered from the condenser to the vessel. One possible explanation for this 232 effect is that gas flow is necessary to transport the xenon "dew" from the the flow of gas, preventing cooling power from being delivered to the vessel.
240
Figure 5: A comparison of the xenon vessel temperature and the gas recirculation rate during a cool-down. Note that the temperature decreases more quickly when the flow rate is increased.
Gas flow during vessel cooldown
241
Starting with the system at room temperature and under vacuum, i.e., 242 with no xenon gas present, the vessel temperature drops by only a few de- 
271
This is generally our default configuration during liquid maintenance, and it 272 allows for continuous purification of the xenon gas with a gas phase purifier.
273
However, we have also studied the possibility of maintaining the liquid at 274 constant temperature and pressure with the recirculation pump turned off.
275
This situation could be important, for example, if the pump were to lose 276 power unexpectedly. As detailed below, we find that it is possible, but more 277 difficult, to achieve stability with the recirculation pump turned off.
278
Note that the xenon will thermodynamically recirculate at a small rate (a 279 few SCCM) if the external gas plumbing allows gas to flow from the system 280 output to the condenser input. This "thermal recirculation" is driven by the 281 system heat leak, and it can be augmented by warming the liquid return line 282 with its heater.
283
We achieve temperature and pressure stability most easily in the absence 284 of forced gas flow by closing a valve in the external plumbing which prevents 285 thermal recirculation. Under these conditions, we expect that no gas will 
294
If we turn off the external recirculation pump without preventing thermal 295 recirculation, then we usually find that condensing slows or stops, and that 296 the system temperature and pressure slowly rise. Since the previous tests 297 show that the system is able to condense the cold counter-flowing gas from 
Operation
310
The operation of the system is divided into four stages: preparation, 311 vessel cool-down and filling, liquid maintenance, and recovery. 
Preparation
313
To remove impurities in the system, the condenser and vessel are evac-314 uated to ∼10 −7 torr using a turbomolecular pump backed by a dry scroll 315 pump. The cryostat is evacuated to ∼10 −3 torr using a similar configura-316 tion, and it is pumped continuously while the cryocooler is running. A xenon 317 gas supply bottle with a regulator is opened, and the regulator is set to intro- needed. The pre-cooler set point temperature is set to 179.5 K. Once this is 324 done, the system is prepared for cool-down. 
Vessel cool-down and filling
326
During the vessel cool-down and filling phase, the gas continues to cir-327 culate through the condenser, vessel, and external plumbing. As the gas 328 cools and becomes more dense, and later as the gas liquefies, additional gas 329 is delivered from the supply bottle to the system as needed to maintain a 330 constant pressure. The total amount of xenon in the liquid system can be 331 monitored by measuring the remaining pressure in the supply bottle. 
Liquid Maintenance
362
Liquid can be maintained indefinitely in the vessel at constant tempera- and by maintaining a nominal gas flow rate of 1-2 SLPM with the recircula-365 tion pump. As described in Section 3.2, the recirculation pump can also be 366 turned off under certain conditions. 
Cooling Rate of the Vessel
396
The cooling rate of the stainless steel vessel was measured on two separate 
421
In the first trial, the xenon gas pressure was set to 1550 torr, and the 422 gas flow rate was varied. The condensation rates were 0.54 kg/hr for a flow 423 of 2.65 SLPM and 0.61 kg/hr for a flow 3.89 SLPM. In a second trial, the 424 gas pressure was set to 1000 torr. The recirculation flow rate was set to particularly if the gas flow rate suddenly decreases, removing a heat source.
448
With a dual control mechanism, both ends of the condenser are cooled, 449 ensuring that temperature gradients are small. In addition, the two thermo- or perhaps a condenser with an altogether different geometry may be better.
470
For our purposes, however, the current design has proved to be adequate 471 with appropriate safeguards. 
